Introduction
Intermetallic LaNi 5 and its substitutional derivatives form reversible hydrides at room temperature and ambient pressure. The compounds are used for hydrogen storage and/or puri®cation, but their most successful commercial application is in nickel±metal hydride (Ni±MH) batteries. They crystallize with the hexagonal CaCu 5 structure type [space group P6/mmm; La in 1a (0, 0, 0); Ni in 2c (1/3, 2/3, 0) and 3g (1/2, 0, 1/2)].
After hydrogen absorption±desorption cycling, LaNi 5 shows intense anisotropic diffraction peak broadening (Percheron-Gue Â gan et al., 1980) . The broadening appears to be reduced in some substitutional compounds (Percheron-Gue Â gan et al., 1980; Lambert et al., 1992) and is practically absent in the commercially used corrosion-resistant compound LaNi 3.55 Co 0.75 Mn 0.4 Al 0.3 (Joubert et al., 1998a) . When present, the broadening occurs upon the ®rst hydrogenation, originates at the transition between the solid-solution phase AB 5 H~0 .5 () and the hydride phase AB 5 H~5 (), and is probably caused by the important increase of the cell volume (~15 to 20%) (Pitt et al., 1999) .
Various methods have been used to take account of the broadening in Rietveld analysis (Lartigue et al., 1987; Thomson et al., 1987; Latroche et al., 1995) . They have been successful in modelling the peak breadths but have failed to give physical meaning to the broadening. Transmission electron microscopy (TEM) work by Kim et al. (1995) on fully activated LaNi 5 has revealed the presence of a very dense dislocation structure, which was created during the ®rst hydrogenation. A breakthrough in the modelling of peak breadths was achieved by Wu et al. (1998) , who successfully applied the theory of Krivoglaz (1969) as speci®ed by Klimanek & Kuz Ïel (1988) for hexagonal systems. They succeeded in modelling the peak broadening in neutron powder diffraction patterns of cycled LaNi 5 by dislocations of the slip system 1/3h2 Å 110i{01 Å 10} and reported a dislocation density of 4.8 Â 10 12 cm À2 . The data were exceedingly useful but suffered from the relatively low instrumental resolution inherent in neutron diffraction.
The object of the present work was twofold. Firstly, to reinvestigate the diffraction peak broadening of LaNi 5 by high-resolution synchrotron X-ray diffraction and to determine its origin. Secondly, to investigate a large number of LaNi 5 substitutional derivatives in order to study the role of various substituents in reducing or eliminating the diffraction peak broadening. Such studies are expected to yield insight into the factors that limit the cycle life of such compounds used for hydrogen gas or electrochemical energy storage.
Experiments
Intermetallic LaNi 5 , over-stoichiometric LaNi 5.2 and various substitutional derivatives containing Co, Mn, Al, Fe, Cu, Sn and Ce were synthesized by induction melting of the pure elements under vacuum or argon atmosphere followed by annealing at 1073±1473 K for 1±30 d. All samples were found to be single phase and homogeneous within the detection limits of optical metallography, electron probe microanalysis J. Appl. Cryst. (2000) . 33, 997±1005
and conventional X-ray diffraction. Hydrogen-cycled samples were synthesized by crushing the ingots into coarse pieces, which were introduced into a leak-free stainless-steel container connected to a Sievert-type hydrogenation device. 15 absorption±desorption cycles were conducted at 313 K. The samples were saturated during absorption under 10 bar (25 bar or 60 bar for LaNi 5 and La 0.5 Ce 0.5 Ni 5 samples which have higher plateau pressure) (1 bar = 10 5 Pa) and desorbed using a rotary pump vacuum at 313 Synchrotron powder diffraction measurements were performed both on the intermetallic and on the hydrogencycled compounds. For the former, powders were prepared by crushing the ingots in an agate mortar. For the latter, powders were used that resulted from decrepitation of the initially coarse powder during hydrogen cycling. They were not further crushed in order not to introduce any additional strain. All experiments were carried out on the Swiss±Norwegian beamline (BM1), at the ESRF, Grenoble, in Debye±Scherrer geometry. A glass capillary of diameter 2R = 0.3 mm was chosen in order to maximize the diffracted intensity. The wavelengths used ranged from 0.5 to 0.65 A Ê . The m"R values (" = linear absorption coef®cient, m = powder packing factor) were close to 1. An Si(111) crystal analyser in the diffracted beam increased the instrumental resolution of the diffractometer. NIST silicon powder (SRM 640b) was used for the wavelength calibration and NIST LaB 6 powder (SRM 660) was used as the pro®le standard. The diffraction patterns were analysed by two methods: Rietveld re®nement and individual pro®le ®tting.
Rietveld refinement
The re®nements were performed by using the program FULLPROF (Rodrõ Âguez-Carvajal, 1997). The anisotropic peak broadening was modelled by local variations of lattice parameters, as explained by Rodrõ Âguez-Carvajal et al. (1991) and applied to hexagonal systems by Latroche et al. (1995) with neutron diffraction data. In this model, strains along hexagonal a and c are re®ned using the parameters S AA and S CC , which are directly proportional to the local¯uctuations of the lattice parameters around their mean values (a = 3a 3 /8 Â S AA /1000; c = c 3 /2 Â S CC /1000). S AA and S CC allow broadening of the hk0 and 00l peaks, respectively, to be taken into account. Contrary to expectations, the broadening was found to be generally mixed Lorentzian/Gaussian with a prevailing Lorentzian component. Therefore, in order to analyse all the samples with the same pro®le function, the broadening was applied to the whole peak breadth of a pseudo-Voigt function with full width at half-maximum H given by
where U, V and W were kept ®xed to the values ®tted for the LaB 6 standard and DST depends on hkl as given in Latroche et al. (1995) . The parameters S AA and S CC were ®tted to all samples, including those that showed isotropic peak broadening only. The re®nement of the correlation parameter C AC was rather unstable. Its value converged towards 1 in some samples and was consequently ®xed at unity. Apart from those parameters and the pseudo-Voigt function mixing parameter , the lattice parameters and atomic displacement parameters B 1a , B 2c and B 3g were re®ned. For the substitutional compounds, the occupancy factors of the substituents on the two available nickel sites were ®xed to the values known from work by Joubert et al. (1998b, and references therein) . For LaNi 5.2 , the crystal structure model was based on the assumption that La was substituted by Ni±Ni dumbbells as shown by Latroche et al. (1999) . For each sample, an absorption correction was applied after determining the powder packing factor m by weighing and measuring the volume of the capillaries.
Individual profile fitting
The individual pro®le ®tting was performed by the program SHADOW (Howard & Snyder, 1985) using a symmetric Voigt function. The analysis of the peak broadening was based on the integral breadth and on the theory developed by Krivoglaz (1969) . A so-called Williamson±Hall plot was used for the integral breadth analysis. It allows the peak broadening to be separated into crystallite-size-and lattice-strain-induced parts [for more details see, for example, the work of Kuz Ïel et al. (1994) ]. The observed peak breadths were corrected for the instrumental contribution using the Langford method according to Keijser et al. (1982) . The peak broadening and its anisotropy were supposed to be caused by the dislocations in the crystals. According to Krivoglaz, the strain-induced part of the integral breadth of a diffraction pro®le (expressed in units of 2 sin /!) related to the arrangement of the dislocations, with weak defect correlation, is given by 4e sin a! 2 with e 2 &A 2 ln Pa8
where & is the dislocation density, P is the dislocation correlation parameter, x i is the fraction of dislocations of type i with the Burgers vector b i , and 1 i is the orientation factor of the dislocations of type i. The summation is performed over all dislocation types present in the crystal. The dislocation density & corresponds then to a density averaged over all dislocation types. The orientation factors 1 i for re¯ections in the hexagonal crystal system and for different dislocation types have been expressed analytically by Klimanek & Kuz Ïel (1988) . The parameter P from the Krivoglaz theory has approximately the same meaning as the parameter M from the theory of Wilkens (1970) , i.e. it characterizes the spatial distribution and correlation between dislocations. It can be shown that P 9 3M. We have determined the values of P independently for each pro®le from the ratio between the Lorentz ( L ) and Gauss ( G ) integral breadths of the diffraction pro®les according to the approximation proposed by Wu et al. (1998) :
Equations (2), (3) and (4) represent a good approximation down to P 9 3 (Klimanek & Kuz Ïel, 1988) . In the case of samples showing P < 3, we have calculated the dislocation density using equations (2), (3) and (4) and P = 3, keeping in mind that the absolute value of the density is probably in¯uenced by this approximation. The integral breadths of all re¯ections expressed by equations (2), (3) and (4) (Table 1) , according to Klimanek & Kuz Ïel (1988) , is depicted in Fig. 1 .
Results

Rietveld refinement
The peak breadths of both the cycled and the non-cycled compounds were modelled by using the function developed by Latroche et al. (1995) . Observed, calculated and difference patterns for selected cycled samples and selected hkl re¯ec-tions are given in Fig. 2 . The values of S AA and S CC , the lattice parameters and the displacement parameters are given in Table 2 . The results together with a visual inspection of the Xray patterns in Fig. 2 suggest the following preliminary conclusions about the broadening behaviour of the different compounds. Firstly, hydrogen cycling leads to a peak broadening which is generally strong for hk0 and weak for 00l re¯ections, in agreement with earlier ®ndings (Percheron-Gue Â gan et al., 1980) . However, the excellent resolution obtained at the synchrotron source also reveals, for the ®rst time, some weak but signi®cant broadening for 00l re¯ections in LaNi 5 . In the substitutional compounds LaNi 5Àx M x , this broadening depends on the nature and concentration of the substituents M. For M x = Co 0.75 , it is negligible within instrumental resolution and the anisotropy of the broadening is reinforced compared to LaNi 5 . By contrast, the Mn-substi-J. Appl. Cryst. (2000) . 33, 997±1005 R. C Ï erny Â et al. Anisotropic diffraction peak broadening 999 research papers Table 1 Dislocations and slip systems considered in hexagonal materials (Klimanek & Kuz Ïel, 1988) . The dependence of the orientation factor 1 1/2 on the angle 9 between the diffraction vector and the c axis of LaNi 5 for the dislocation slip systems considered in Table 1 and re¯ections hkl used in the peak broadening modelling (Klimanek & Kuz Ïel, 1988) . Observed, calculated and difference patterns from Rietveld re®nement for selected cycled samples and re¯ections.
tuted compounds present intense broadening, which is nearly isotropic for LaNi 4 Mn. Finally, the broadening is considerably reduced or has nearly disappeared for any re¯ection in the case of M x = Al 0.3 . With regard to the cell parameters, those of the intermetallic compounds depend strongly on the nature and rate of the substituting elements and are consistent with those reported previously (Percheron-Gue Â gan et al., 1980) . Those of the hydrogen-cycled compounds show systematic differences from those of the non-cycled compounds, as discussed below. As expected, the displacement parameters in the series LaNi 5Àx M x (M = Co, Mn, Al) generally increase as a function of the substitution level x; this trend presumably arises from an increase of static disorder produced by the substitution. Cycling generally appears to reduce these parameters. Table 2 Results of the Rietveld re®nement and individual pro®le ®tting with peak broadening modelled by dislocations E1 and E2.
The table lists the lattice parameters a and c (s.u. 0.0001±0.0006 A Ê ), the local variations of the lattice parameters S AA and S CC (s.u. 0.01 Â 10 À3 A Ê À2 ), the displacement parameter B for each site (s.u. 0.05±0.10 A Ê 2 ), the residual change of the lattice parameters, the apparent (app) crystallite size along h0001i, the dislocation correlation parameter P, the dislocation density &, and the dislocation fractions E1 and E2 (see Table 1 for de®nitions).
Rietveld re®nement
Compound (7) (1), P = 3 92 (4) 8 (4) LaNi 4 Fe >1000 7.5 (9) 0.84 (7) 14 (2) 86 (2) LaNi 4 Cu 540 (90) 1.7 (6) 0.35 (4), P = 3 69 (4) 31 (4) LaNi 4.5 Sn 0.5 420 (40) 1.4 (6) 0.06 (1), P = 3 70 (7) 30 (7) La 0.5 Ce 0.5 Ni 5 >1000 3.4 (8) 4.9 (6) 46 (5) 
Individual profile fitting
Observed values of the integral breadths, corrected for instrumental effects, as a function of sin for selected cycled samples are depicted in Fig. 3 (Williamson±Hall plots) . The sin dependence was chosen because of a prevailing Lorentzian pro®le shape; this choice was justi®ed by the linear dependence of three orders of 00l re¯ection.
Various possible explanations for the peak broadening were considered. The observation of planar defects on the basal plane of LaNi 5 by Kim et al. (1995) led those authors to the assumption of low-energy stacking faults parallel to that plane. The presence of stacking faults with shear vector 1/3h1 Å 100i had been excluded by Lartigue et al. (1987) because it should have led to anisotropic peak broadening following the selection rule h À k = 3n + 1, which was not observed. Moreover, it would have led to anisotropic pro®le asymmetries and peak shifts, which were not observed either. Kisi et al. (1992) proposed stacking faults with a shear vector 1/2h101 Å 0i, but gave no detailed atomic model. Although stacking faults of this type would lead to peak broadening characteristic of E1type dislocations, they would also lead to anisotropic pro®le asymmetries and peak shifts, which were not observed. Thus stacking faults do not appear to be a dominating cause of peak broadening in cycled LaNi 5 and substitutional crystals. From a visual inspection of the Williamson±Hall plots of h00, hh0 and 00l re¯ections, crystal size also does not appear to be a dominating cause of peak broadening. It was neglected in a ®rst approach and will be discussed later. Thus peak broadening of the cycled alloys was assumed to be caused by dislocation-induced strain and was modelled as described in x2.
With regard to the non-cycled alloys, their peak broadening was found to depend strongly on the way the powders were prepared. Therefore, no quantitative results concerning the peak broadening analysis of these alloys are presented here.
Good agreement between the observed and calculated peak widths was obtained by using only two slip systems: E1 and E2. The implication of E2 can be anticipated from inspection of Fig. 1 
Dependence of the observed and calculated values of the integral breadths on sin (Williamson±Hall plots) for selected cycled samples. Filled triangles represent observed values, while empty triangles represent calculated values corresponding to the model with dislocations E1 and E2 (see Table 1 for de®nitions). Note the different scales used.
absence of broadening of 00l peaks. The broadening of the latter peaks must involve at least one other slip system. Firstly, such a slip system should be one that, in combination with E2, can explain the peak broadening behaviour ranging from strongly anisotropic (as for LaNi 5 ) to nearly isotropic (as for LaNi 4 Mn). This excludes the E5 system. Secondly, it should be a slip system of dislocations which have the Burgers vectors a or c, as only these vectors were observed by TEM in cycled (Kim et al., 1994; and non-cycled LaNi 5 (Inui et al., 1998) . This excludes the E4, E6, E7 and E8 systems. The E3 system is less probable than the E1 system as no sample with 00l re¯ections broader than hk0 was observed. In addition, a combination of E2 and E3 does not lead to a better agreement than a combination of E1 and E2. Finally, ternary combinations between E1, E2, E3 and E5 can not be excluded, but can not be resolved considering the high correlation between the re®ned system fractions. Additional support for the choice of E1 and E2 slip systems and the neglect of screw dislocations S1, S2 and S3 will be given in x4. The ®nal results of the peak broadening model are summarized in Table 2 and Fig. 3 . The high angular resolution of the powder diffractometer used yields peak breadths for the LaB 6 standard in the range 0.01±0.018 2, compared to 0.53 2 for the broadest and 0.03 2 for the sharpest pro®les of the samples investigated. The pro®les are modelled with satisfactory precision by a Voigt function. Although the ratio between the Lorentzian and Gaussian parts of the pro®le (characterized by the parameter P 9 3 M) varies between different re¯ections, no systematic dependence of P upon hkl is found within the precision of the pro®le ®tting. Therefore, it was judged preferable to use an average value of P, which was calculated for each sample from all observed re¯ections. It is important to note that uncertainties in the value of the correlation parameter P may cause systematic errors in only the absolute values of the dislocation densities, not in the fractions of individual dislocation types.
Discussion
For the cycled samples, both the full-pattern ®tting method and the individual peak pro®le analysis method allowed the experimental diffraction patterns to be modelled in a satisfactory manner, whatever the extent and anisotropy of peak broadening. In the dislocation model, the hkl dependence of the different slip systems (see Fig. 1 ) leads to anisotropic (E2) and isotropic (E1) peak broadening, while in the cell-parameter-variation model, the anisotropic broadening leads to variations of a (S AA ) and c (S CC ). Purely anisotropic broadening is modelled by high E2 densities and high S AA values, while purely isotropic broadening is modelled by high E1 densities and a combination of high S AA and S CC values. Thus a direct relation between the parameters obtained by the two methods is not obvious, given the different broadening behaviours observed for the samples.
Peak broadening induced by Mn and Al substituents has been studied before (Percheron-Gue Â gan et al., 1980) . The results showed a reduction of both the broadening and the anisotropy for both substituting elements. Our results gener-ally agree with those data, although our data show a reduction of the anisotropy but no real reduction of the broadening for the Mn compounds, and an almost complete disappearance of the broadening for the Al 0.3 compound.
Dislocation density
Low values of P (P ( 3) are obtained for samples that show little peak broadening. For these samples, Lorentzian or super-Lorentzian pro®le shapes dominate, as they do in the noncycled samples. This behaviour has been attributed to an inhomogeneous distribution of grains having various degrees of crystallinity (Young & Sakthivel, 1988) independent of any effect of hydrogen cycling. Dislocation fractions and densities re®ned for such samples are therefore less reliable because they can erroneously model the peak broadening that was already present in the starting intermetallic compound. However, an important result for these samples is the relatively low level of hydrogen-induced peak broadening.
For cycled samples that show a signi®cant broadening compared to that of the corresponding non-cycled intermetallic compounds, the dislocation densities found are of the order of 10 11 cm À2 . They are one order of magnitude higher than those usually observed in plastically deformed metals, such as zirconium, for which a value of 4 Â 10 10 cm À2 was determined from X-ray powder diffraction data (Klimanek & Kuz Ïel, 1989) . Surprisingly, the value of 4.8 Â 10 12 cm À2 as determined for LaNi 5 by Wu et al. (1998) from neutron powder diffraction data is still higher by an order of magnitude. Dislocation densities of this magnitude have not been observed in any of our samples and are in strong contrast with those observed in plastically deformed metals.
Dislocation systems
Given the very high resolution of the diffraction data, the present work also gives evidence for a slight broadening of 00l peaks in LaNi 5 , which has been attributed to the occurrence of an E1-type dislocation system. The ratio between E2-type and E1-type dislocation densities (E2/E1 hereinafter) varies between 0.98/0.02 and 0.08/0.92. The E1 and E2 slip systems correspond to mis®t dislocations that arise at the interface between the matrix and the coherently intergrown precipitates. Because of their increased hydrogen contents, the precipitates have a signi®cantly larger cell than the matrix. E2 are mis®t dislocations on prismatic planes and E1 are mis®t dislocations on the basal plane. Both dislocations have a Burgers vector 1/3h2 Å 110i, thus accommodating a mis®t between the cell parameters a. The assumption of dislocations having a Burgers vector h0001i (e.g. E3 dislocations accommodating a mis®t between the cell parameters c) did not improve the ®t of the observed integral breadths for samples showing 00l re¯ection broadening. In addition, E3 dislocations are clearly absent in the LaNi 4.25 Co 0.75 sample. This is consistent with the TEM observations by Kim et al. (1994 Kim et al. ( , 1995 . Screw dislocations in LaNi 5 have not yet been evidenced by TEM. Since they cannot be considered as mis®t dislocations between the matrix and precipitates, they have not been used in our calculations.
Crystallite shape and size
As shown by Pitt et al. (1999) , the peak broadening appears upon the ®rst hydrogenation during the precipitation and growth of the phase and is conserved in the dehydrogenated state. The observed E2/E1 ratios in the cycled samples suggest the following hypothesis concerning the shape of thehydride precipitates: a high E2 dislocation density corresponds to a larger surface of the planes of prismatic habit than that of the planes of basal habit of the -hydride precipitates. This means that the precipitate takes the form of a needle parallel to h0001i or a platelet parallel to {101 Å 0} or {112 Å 0}. The mis®t on the planes {112 Å 0} should be accommodated by dislocations having a Burgers vector h1 Å 100i, which is not observed in hexagonal crystals. However, such slip system can be decomposed into two E2 slip systems according to the formula
Such step-like boundaries have been observed by TEM on the -hydride precipitate by Kim et al. (1994) and De Veirman et al. (1994) . On the other hand, a high E1-type dislocation density means that the surface of the basal plane of the precipitate is larger than the surface of the prismatic plane and that the precipitate takes the form of a platelet parallel to {0001}. The intermediate case for which the E2/E1 ratio is close to unity would correspond to an isotropic shape of the precipitate.
There exists a correlation between the E2/E1 ratio and the parameter P (Fig. 4) which can be taken as further evidence for a shape change of the -hydride precipitates. According to Wilkens (1976) , M ) 1 (i.e. P ) 3) means that the dislocations are accompanied by long-range strain ®elds (as dislocation pile-ups), and M ( 1 (i.e. P ( 3) means that the dislocations are associated with short-range strain ®elds. In our case the samples having an E2/E1 ratio much greater than unity have P 9 6 and the dislocations can be considered as slightly correlated by pile-ups on the prismatic planes, as observed by TEM by Kim et al. (1994 Kim et al. ( , 1995 and De Veirman et al. (1994) . This is in agreement with the hypothesis of a prismatic plate-like shape of the -hydride precipitate. The samples having E2/E1 ratios close to unity have P 9 3 and the dislocations can be considered as non-correlated. This would correspond to a change in the shape of the -hydride precipitates. Finally, the samples having E2/E1 ratios lower than unity are those having a low dislocation density and a low probability of piling-up. This conclusion, however, needs further theoretical analysis.
The apparent crystallite size is typically larger than 200 nm along h0001i. Along h101 Å 0i and h21 Å 1 Å 0i it is less precisely determined because of the relatively low intensity of highorder re¯ections h00 and hh0, respectively. In most cases the size broadening appears to be negligible compared to the strain broadening. However, in Fig. 3 one can note systematic residual differences between the observed and calculated integral breadths of the 200 and 110 re¯ections for LaNi 5 and LaNi 4.25 Co 0.75 . This could correspond to an apparent crystallite size of 30 and 120 nm along h101 Å 0i and h21 Å 1 Å 0i, respectively, and is in agreement with the TEM observations by Kim et al. (1994) and, once again, with the model of prismatic platelike -hydride precipitates.
Residual change of lattice parameters
As shown in Table 2 , the cell parameters of the non-cycled alloys differ signi®cantly from those of the cycled ones, i.e. a decreases and c increases, while the cell volume remains nearly constant. This effect (called residual change hereinafter) has been observed by Kisi et al. (1992) and is usually attributed to the presence of trapped hydrogen (Pitt et al., 1999) . In our view this interpretation is less plausible because of the unchanged cell volume. According to Krivoglaz (1969) dislocations are defects called second-type defects (i.e. in®nite at least in one direction and with a strain ®eld decreasing at slower rate than 1/r 1.5 ). Such defects induce peak broadening but no change of the lattice parameters. By contrast, defects as small dislocation loops, dislocation dipoles, vacancies, interstitials and small precipitates, called ®rst-type defects (i.e. ®nite in all directions and with a strain ®eld decreasing as or faster than 1/r 2 ), cause changes of the lattice parameters but no peak broadening. Such defects could explain the residual change observed. As can be seen in Fig. 5 , the residual change appears to be directly correlated to the parameter S AA , i.e. broadening of the hk0 peaks, which has been explained by dislocations. This and the opposite variation of the a and c lattice parameters indicate that the most probable explanation for the residual change is the presence of dislocation loops or dipoles. To our knowledge, no quantitative model for the in¯uence of such defects in hexagonal materials is available.
A decrease of the displacement parameters B is generally observed for all samples. This is in contrast with the expected increase of B associated with dislocation loops according to Krivoglaz (1969) . No correlation appears to exist between the displacement parameters and either the peak broadening or Dependence of the residual change of lattice parameters on the local variation of the lattice parameter a (S AA ).
